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A nitric oxide synthase inhibitor reduces inflammation, down-regulates
inflammatory cytokines and enhances interleukin-10 production in

carrageenin-induced oedema in mice

A. IANARO, C. A. O'DONNELL, M. DI ROSA* & F. Y. LIEW Deptartment of Immunology, University of
Glasgow, Glasgow, U.K., and *Department of Experimental Pharmacology, University of Naples 'Federico II', Napoli, Italy

SUMMARY

Mice injected in the footpad with carrageenin developed local inflammation which peaked at 48 hr.
This delayed-type footpad swelling was significantly reduced in mice injected intraperitoneally
(i.p.) with a specific nitric oxide (NO) synthase inhibitor, L-NGmonomethyl-arginine (L-NMMA).
The draining lymph node (DLN) cells from mice injected 48 hr previously with carrageenin
produced significantly higher levels of proliferation and interleukin-l (IL-1), IL-2, IL-6 and
interferon-y (IFN-y), but less IL-10, compared to cells from saline-injected controls, when
stimulated with concanavalin A (Con A) in vitro. Treatment of the carrageenin-injected mice with
L-NMMA had little effect on the proliferative response of the DLN cells, but significantly reduced
the production of IL-1, IL-2, IL-6 and IFN-y, and increased the secretion of IL-10. These data
demonstrate that NO plays a significant role in local inflammation and the pattern of cytokines
induced in this model.

INTRODUCTION

Nitric oxide (NO) is involved in a variety of biological
activities, including endothelium-related vascular relaxation,
platelet aggregation and neurotransmission, as well as in the
anti-microbial and tumoricidal activity of murine macrophages
(reviewed in refs 1-3). NO is generated from the oxidation of
the terminal guanidino nitrogen atom of L-arginine by the
NADPH-dependent enzyme NO synthase, ofwhich there are at
least two types (reviewed in refs 2 and 4). One is constitutive,
Ca2+/calmodulin-dependent and is expressed mainly in the
brain, platelets and endothelial cells. The other is Ca2+ /
calmodulin-independent and is induced by cytokines and
bacterial products. It is expressed by a variety of cell types,
including macrophages, neutrophils and smooth muscle.

It is now apparent that NO generated by the inducible
enzyme is cytotoxic or cytostatic for a variety of pathogens
(reviewed in refs 1, 3, 5 and 6). The mechanisms of target
destruction by NO are non-specific and appear to involve
both reactions with Fe-S groups, leading to inactivation of
enzymes in the mitochondrial electron transport chain, and,
at high concentrations, inhibition of DNA replication7 and
the induction of apoptosis.8 9 Recently, NO has been
implicated in a number of pathological conditions, including
streptozocin-induced diabetes,'0"' graft-versus-host disease12
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and experimentally induced neurological diseases.'3 In most
cases, the pathologies were significantly reduced through
inhibiting NO synthesis in vivo by treating the animals with
L-NGmonomethyl-arginine (L-NMMA).

A role for NO has also been demonstrated in inflammation.
In rats, NO is involved in the acute inflammatory response
following footpad injection of carrageenin'4 or the topical
application of mustard oil.'5 Adjuvant arthritis, a model of
chronic inflammation, was also reduced in rats treated with an
NO synthase inhibitor.'6'17 In humans, serum from patients
with rheumatoid arthritis or osteoarthritis contains signifi-
cantly higher levels of nitrite compared to those of matched
controls.'8 However, the mechanisms involved and the regu-
lation of NO synthesis in these models are obscure.

We have investigated the role ofNO in cellular function and
cytokine production in a carrageenin-induced model of acute
inflammation in mice. We report here that treatment of
carrageenin-injected mice with L-NMMA markedly reduced
the production of interleukin-1 (IL-1), IL-2, IL-6 and
interferon-y (IFN-y) by the draining lymph node (DLN) cells
in vitro. In contrast, the secretion of IL-10 by these cells was
significantly elevated.

MATERIALS AND METHODS

Mice
Female BALB/c mice, 6-8 weeks of age, were obtained from
Harlan Olac Ltd (Bicester, U.K.). They were housed in
temperature-controlled rooms and received food and water
ad libitum.
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Materials
Lambda-carrageenin and concanavalin A (Con A) were

obtained from Sigma (Poole, U.K.). L-NMMA and its
enantiomer D-NMMA were kindly provided by Dr H.
Hodson (Department of Medicinal Chemistry, Wellcome
Research Laboratories, Beckenham, U.K.). Culture medium
was RPMI-1640 (Gibco, Paisley, U.K.) containing 10% fetal
calf serum (FCS), L-glutamine (2mM), penicillin (100U/ml),
streptomycin (100 pg/ml), 2-mercaptoethanol (50pM) and, for
cytokine generation, 25mM HEPES. Mink lung cells were

grown in Dulbecco's modified Eagle's medium (DMEM;
Gibco) supplemented with 10% FCS, L-glutamine, penicillin
and streptomycin. Paired monoclonal antibodies purchased
from PharMingen (A.M.S. Biotechnology Ltd, Witney,
U.K.) were used for the detection of IL-2, IL-4, IL-6 and
IL-10 in enzyme-linked immunosorbent assays (ELISAs). IFN-
y and tumour necrosis factor-a (TNF-a) were detected
using a rat anti-murine IFN-y (R46AT) or rat anti-murine
TNF-a (XT22.1 1) and polyclonal rabbit antibodies, produced
in our laboratory by immunization with recombinant IFN-y or

TNF-ox. All murine recombinant cytokine standards were

obtained from Genzyme (West Malling, U.K.), except IFN-y
and TNF-a which were the kind gift of Dr G. Adolf (Ernst-
Boehringer-Institut fur Arzneimittel-Forschung, Vienna,
Austria).

Induction of inflammatory response to carrageenin
Groups of mice were injected subcutaneously in one hind paw
with 300pg carrageenin in a final volume of 501. Control
animals were injected with the same volume of saline. Footpad
swelling was measured daily using a spring-dial calliper, and
expressed as the difference in swelling between the carrageenin-
injected paw and the uninjected, contralateral paw. In some

experiments, animals were injected intraperitoneally (i.p.) with
5mg L-NMMA or D-NMMA 2 hr before and 24 and 48 hr
after the administration of carrageenin and footpad swelling
and monitored as above.

Histopathology
Uninjected and carrageenin-injected paws from both D-
NMMA and L-NMMA animals were removed 48hr after
administration. The tissues were fixed in 10% buffered
formalin, decalcified in 10% EDTA, embedded in paraffin,
sectioned and stained with haematoxylin and eosin.

T-cell proliferation assays

DLN were removed 48 hr after administration of carrageenin.
Single-cell suspensions were obtained, resuspended at 2-5 x 106
cells/ml, and dispensed at 100.u1/well in 96-well flat-bottomed
plates (Nunc, Roskilde, Denmark). Con A (0 5 or 5 pg/ml) was
added to each well and the cultures incubated at 370, in an

atmosphere of 5% C02, for 48hr. Cultures, in triplicates,
were pulsed with 1 pCi/well [3H]thymidine (Amersham Inter-
national, Amersham, U.K.) for the final 6hr of incubation,
then harvested and counted in a #-scintillation counter
(Pharmacia, Milton Keynes, U.K.).

Generation of cytokines
DLN cells obtained 48 hr after administration of carrageenin
were resuspended at 106 cells/ml and dispensed at 1 ml/well in
24-well plates. Cultures were stimulated with Con A (5 pg/ml)

and cell-free supernatants obtained at 24, 48 and 72 hr post-
stimulation. Supernatants were stored at - 70°.

Measurement ofIL-2, IL-4, IL-6, IL-JO, IFN-y and TNF-a
The levels of these cytokines in culture supernatants were
measured by ELISA. Flat-bottomed 96-well microtitre plates
were coated with the capture monoclonal antibody (1-4 pg/ml,
50 pl/well). After an overnight incubation at 40, the plates were
blocked with 10% FCS, washed and samples or standards
dispensed into each well (100p1) and incubated at room
temperature for 2-3hr. Bound IL-2, IL-4, IL-6 and IL-10
were detected by the addition of biotinylated anti-cytokine
monoclonal antibodies (1-4pg/ml; 100p1/well) for 1 hr at 370
and, after washing, by 2pg/ml extravidin-peroxidase (100p1/
well; Sigma) for 1 hr at 37°. The assay was developed by the
addition of 3,3',5,5'-tetramethyl benzidine (TMB) substrate
(100p1/well; Kirkgaard & Perry Laboratories Inc., Gaithers-
burg, MD) and read at 630 nm on a dual-wavelength spectro-
photometer (Dynatech, Billinghurst, U.K.). Bound IFN-y and
TNF-a were detected by the addition of a polyclonal rabbit
anti-murine IFN-y or TNF-a antibody (5 or 1Og/mi respec-
tively, 100 pl/well) for 1 hr at room temperature. Finally, sheep
anti-rabbit alkaline phosphatase IgG was added at a 1:1000
dilution (100 p1/well; Sigma) for 1 hr at room temperature, the
assay developed by the addition of p-nitrophenyl phosphate
(1 mg/ml in 1M Tris, 3mM MgCl2, pH 9-6, 100 p1/well), and
read at 405 nm. The cytokine content of each sample was read
off a standard curve established with the appropriate recom-

binant cytokine.

Bioassaysfor IL-if, and transforming growth factor-fl (TGF-f)
IL-I was measured by a bioassay. Briefly, D1O-N4M cells were
resuspended at 105 cells/ml in RPMI + 10% FCS containing
recombinant murine IL-2 (60 U/ml) and Con A (6 pg/ml) and
dispensed (100 p1/well) into 96-well flat-bottomed plates
containing 100 p1 medium plus 50MI sample. Cultures were

pulsed 72 hr later with 1 pCi/well [3H]thymidine for 6 hr,
harvested and counted on a P-scintillation counter. The
cytokine content of each sample was read off a standard
curve established with murine recombinant IL-lfl. TGF-fl was

assayed with a mink lung cell line.'9 Briefly, cells were dispensed
at 1 x 105 cells/well and cultured overnight at 37°. Cultures
were washed to remove non-adherent cells, samples or

standards added in a final volume of 100 p1 and incubated
overnight at 37°. Cultures were then washed to remove TGF-f,
200 p1 complete medium containing 0 5 pCi/well [3H]thymidine
added, and incubated for 18 hr before harvesting. The cytokine
content of each sample was read off a standard curve

established with murine recombinant TGF-fl.

Generation and measurement of nitritefrom DLN cells, serum
and urine
DLN cells were again removed 48 hr after administration of
carrageenin, resuspended at 106 cells/ml and dispensed at 1 ml/
well in 24-well plates. Cultures were stimulated with lipopoly-
saccharide (LPS; Sigma) (10 g/ml), LPS (1 pg/ml) plus IFN-y
(200 U/ml) or Con A (5 pg/ml), and cell-free supernatants
obtained at 24 and 48 hr post-stimulation. Nitrite levels in the
supernatants were measured using the Greiss reaction.20 Mice
were bled before carrageenin administration and at 24 and
48 hr after carrageenin administration and sera were obtained.
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Urine was collected at the same time-points. As nitrite was

undetectable, nitrate levels were measured by converting nitrate
to nitrite using the enzyme nitrate reductase, then measuring
nitrite in a chemiluminometer, as previously described.

Statistics
Statistical significance (P < 0 05) was analysed by Student's
f-test. Results are expressed as mean ± SD.

RESULTS

Administration of carrageenin led to a significant increase in
footpad size by 24 hr compared to the untreated contralateral
paw (Fig. la,b). This swelling peaked at 48 hr and was

significantly reduced by treatment of animals with L-NMMA
(Fig. la). Treatment with the inert enantiomer, D-NMMA,
had no effect on carrageenin-induced swelling (Fig. Ib). Saline
alone did not induce footpad swelling (data not shown).

A small cellular infiltrate was observed in the uninjected
contralateral paw of both L- and D-NMMA-treated animals
(Fig. 2a,b). Injection of carrageenin resulted in a marked
cellular infiltration into the paw. This infiltration was

unaffected by prior treatment with L- or D-NMMA
(Fig. 2c,d), although oedema, as measured by paw thickness,
was greater in the D-NMMA-treated animals (Fig. lb).

DLN cells were removed 48 hr after injection of carra-

geenin, at the peak of the inflammatory response, and
restimulated in vitro with Con A. Cells from animals injected
with carrageenin produced a significantly increased prolifer-
ative response compared to those from animals given only
saline. This response was not significantly altered in animals
treated with L-NMMA (Fig. 3). DLN cells removed 48 hr after
injection of carrageenin were restimulated in vitro with 5 mg/ml
Con A, a concentration inducing the optimal proliferative
response (Fig. 3). Cells from animals treated with carrageenin
produced significantly higher levels of IL-1, IL-2, IL-6 and
IFN-y after 24 hr in culture, compared with animals treated
with saline alone (Table 1). Administration of L-NMMA in
vivo led to a significant decrease in the production of these
cytokines by the DLN cells in vitro (P < 0-01 for IL-2; P < 0-05
for IFN-y; P < 0-001 for IL-1 and IL-6; Table 1). Similar
results were seen at 48 and 72hr post-stimulation (data not
shown).

IL-10 was undetectable in the culture supernatants up to
48hr post-stimulation (data not shown). At 72hr, IL-10 was

detected at highly significant levels in cultures of cells from
control animals injected with saline alone. However, IL-10
remained undetectable in the culture supernatants of cells from
mice injected with carrageenin (Table 1). In contrast, DLN
cells from mice injected with carrageenin and treated with
L-NMMA produced levels of IL-10 comparable with that of
cells from the saline-treated controls. IL-4 and TNF-a were not
detectable for up to 72 hr in the supernatants of cells cultured
with Con A in all the groups. TGF-,B was detected in the
supernatants of cells from mice injected with carrageenin, but
L-NMMA treatment did not significantly alter the levels of
TGF-,B detected (270 ± 97pg/ml versus 280 ± 102pg/ml).
DLN cells were unable to produce a significant level of
nitrite, regardless of the in vitro stimulus used (all groups
< 4 pM), and significant levels of nitrate could not be detected in
either the serum or urine of any group (data not shown).
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Figure 1. Effect of L- or D-NMMA treatment on the inflammatory
response induced by carrageenin. (a) Animals (five per group) were

injected with 300pg carrageenin in the hind paw plus i.p. adminis-
tration of saline (0) or 5mg L-NMMA (0) at -2, + 24 and + 48 hr of
carrageenin injection. Paw swelling was measured at 24, 48, 72 and
96 hr following injection of carrageenin. (b) Animals were injected as

described, except that some were given 5 mg D-NMMA (0). Results
are expressed as the mean ± SD of the difference between the injected
paw and the uninjected, contralateral paw, and are representative of
three experiments.

DISCUSSION

Data presented here demonstrate that the in vivo inhibition of
NO production can markedly alter both the inflammatory
response and the cytokine secretion pattern of DLN cells in
mice undergoing active, local inflammation. Our results
implicate NO in the elevation of a number of cytokines
involved in local inflammation, including IL-1, IL-2, IL-6 and
IFN-y, and in the inhibition of IL-10. It had, however, little
effect on IL-4, TNF-ax or TGF-f, or on T-cell proliferation to
Con A. These results contrast with findings in chronic
inflammation using a model of adjuvant-induced arthritis in
rats,'6 where L-NMMA was found to reduce T-cell prolifer-
ation, although cytokine responses were not examined. In a

murine malaria model, spleen cells from mice infected with
Plasmodium chabaudi chabaudi produced significant amounts
of IL-2 and IFN-y when stimulated with Con A in vitro. The
production of these cytokines by the spleen cells was

significantly enhanced when the infected mice were treated
with L-NMMA in vivo.22 In vitro, L-NMMA has also been
shown to enhance T-cell proliferation in response to mitogens
or alloantigens.23-25 Thus, the effect of NO on the immune
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Figure 2. Histology of control or carrageenin-injected footpads following L- or D-NMMA treatment. Footpads were removed 48 hr
after injection with 300 Mg carrageenin, fixed, sectioned and stained with haematoxylin and eosin. (a) L-NMMA-treated, uninjected
paw. (b) D-NMMA-treated, uninjected paw. (c) L-NMMA-treated, carrageenin-injected paw. (d) D-NMMA-treated, carrageenin-
injected paw. Original magnification x 200.

response appears to vary in different systems. A possible
explanation for this discrepancy may simply be a dose-
response effect of NO in these various models. Indeed,
preliminary experiments have shown that T-cell proliferation
in vitro is enhanced by low doses of NO, but inhibited by

^' 400
0

x ~~~**

Q300
0

c)
200-

0 *

25100

12--
Saline Car Car + L-NMMA

Figure 3. Effect of L-NMMA treatment on proliferation by DLN cells.
Animals (five per group) were injected with 300,ug carrageenin in the
hind paw plus i.p. administration of saline (Car) or 5mg L-NMMA
(Car + L-NMMA) at -2, + 24 and + 48 hr of carrageenin injection.
Control animals were injected in the hind paw with saline only (Saline).
DLN cells were obtained 48 hr after administration of carrageenin and
were either unstimulated (open bars), or stimulated with 0-5 jg/ml
(hatched bars) or 5 Mg/ml Con A (solid bars). Results are expressed as

mean ± SD, n = 3, and are representative of three experiments
(*P < 0-001 versus saline; **P < 005 versus saline). Results are

shown for 48 hr cultures, similar results were obtained from cultures
incubated for 24 or 72 hr.

high doses of NO (J. Padron and F. Y. Liew, unpublished
observations).

The mechanism by which NO can affect T-cell activation
and cytokine production is at present unknown. However, it is
clear that its effects may vary, depending on the experimental
model. Although L-NMMA can reduce regional and micro-
vascular blood flow and vascular permeability,26-28 there was
no reduction in the number of cells entering the site of
inflammation from the bloodstream. However, L-NMMA
treatment did reduce oedema formation, as measured by a
marked reduction in footpad swelling. Therefore, the general-
ized reduction in the level of cytokines produced locally cannot
be explained by a reduction in cellular infiltration into the paw.
In addition, a differential production of IFN-y and IL-10 was
also detected, with IFN-yi levels high in those groups in which
IL-10 was undetectable and vice versa, as could be expected
from the differential regulation of these cytokines.29'30

In the present system, nitrite was not detected in the culture
supernatant of the draining lymph node cells, nor was nitrite or
nitrate detected in the serum and urine of the carrageenin-
injected mice. This may reflect the insensitivity of the assay
used, which has a lower limit of 4 yM. However, it is likely that
local production ofNO within the paw is sufficient to modulate
the inflammatory response. In an arthritic model, nitrite was
detected in the synovial joint during the early, acute phase of
inflammation.'7 Some cytokines, such as IFN-y, IL-I, TNF-a
and IL-6, are involved in the induction of NO synthesis, while
others, e.g. IL-10, IL-4 and TGF-f3, can inhibit NO production
(reviewed in 3). A recent report has suggested that endogenous
NO production can down-regulate the levels of IL-6 secreted by
rat Kuppfer cells following activation with IFN-y and LPS.3'
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Table 1. Effect ofL-NMMA treatment on cytokine production by DLN cells restimulated in vitro with Con A

Cytokines (pg/ml)

Treatment IL-I IL-2 IL-6 IFN-y IL-10

Saline 16 ± 0-5 1090 + 35 0+ 0 50 ± 17 2000 + 622
Carrageenin 111 ± 33 21,500 + 1212 800 ± 121 13,400 ± 1386 0 + 0
Carrageenin + L-NMMA 20 + 7 15,000 ± 1559 0 ± 0 7200 ± 866 2960 ± 866

DLN cells (106 cells/well) from mice (five per group) treated with saline, carrageenin or carrageenin plus
L-NMMA were restimulated in vitro with 5 pg/ml Con A. Cytokine levels were measured 24 hr post-
stimulation, with the exception of IL-10 which was measured at 72 hr post-stimulation. Results are expressed as
the mean ± SD of triplicate cultures and are representative of two experiments. Cytokines were undetectable in
the culture supernatants of unstimulated cells.

Therefore, it is possible that NO generated locally during
activation can inhibit cytokines produced later in the cascade.
Unravelling of this mechanism will shed important light on our
understanding of the biology of NO and may have therapeutic
implications against some of the most important inflammatory
diseases.
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